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WO3–reduced graphene oxide (WO3–RGO) heterojunction electrodes were prepared for photoelec-
trochemical (PEC) overall water splitting. The WO3 photoanode incorporated with RGO showed
significantly enhanced PEC properties and, hence, photocatalytic water splitting, compared to the bare
WO3 at a bias larger than 0.7 V vs. Ag/AgCl, while a decrease in the PEC properties of WO3–RGO compared
to the WO3 electrode was observed at a bias smaller than 0.7 V vs. Ag/AgCl. RGO could play a favorable
role in enhancing the electron–hole separation due to the presence of interface states according to the
Bardeen model, but it could also provide active sites for the electron–hole recombination. A more positive
applied bias is in favor of effective electron–hole separation, by means of quick collection and transport of
electrons by RGO. As a result, a higher PEC performance of WO3–RGO can only be realised at a relatively
more positive bias. This study gives insights into the complex nature of a RGO–semiconductor
heterojunction, and its implications on the overall photoconversion efficiency.
Introduction
Fabrication of photocatalysts with an excellent photo-adsorp-
tion ability within the solar spectrum and low recombination
rate of photogenerated electron–hole is one of the key
requirements for efficient solar hydrogen generation via
semiconductor photocatalytic overall water splitting.1–3
Significant effort has been devoted to achieve this goal, for
example through the utilization of co-catalysts, doping,
Z-scheme photocatalysis, and dye sensitization etc.4–9 Among
them, semiconductor incorporation with graphene has
attracted considerable interest due to its ability to enhance
the mobility of charge carriers and its high specific surface
area etc.10–12
Many different types of graphene–semiconductor compo-
sites, such as TiO2–graphene, CdS–graphene, ZnxCd12xS–
graphene, WO3–graphene etc., for water splitting have been
reported.13–18 It is generally accepted that graphene mainly
plays a favorable role in the electron–hole separation and the
quick transport of photogenerated electrons due to the
remarkable conductivity of graphene.19,20 In the case of the
semiconductor, WO3 not only has stronger adsorption within
the solar spectrum than TiO2, but also has a longer hole
diffusion length (y150 nm) as compared with Fe2O3 (2–4 nm)
and TiO2 (y10 nm), which is in favor of the separation of
photogenerated electron–hole.21–23 Therefore, WO3 has
attracted considerable interest in photocatalytic water split-
ting. The potential of the WO3 conduction band (CB) is more
positive than that of H+/H2.
24 Hence, to achieve an overall
water splitting, a photoelectrochemical (PEC) system with a
WO3 photoanode is utilized for the photocatalytic overall water
splitting, rather than a suspension reaction system. The
thickness of the WO3 electrode film in the PEC is generally
at the micrometer scale,24 i.e. there would be dozens of WO3
particles in the direction of the film thickness. In this case, the
transport of electrons generated by the outer layer WO3
particles to the substrate is not efficient because of the
occurrence of electron–hole recombination at the particle
interface. Therefore, quick capture followed by effective
transport of electrons to the substrate is necessary for efficient
water splitting by the PEC system. Incorporation with RGO is
expected to lower the electron–hole recombination in the WO3
films.
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WO3–RGO composites have been reported for sensors,
photo-degradation, oxygen evolution using a suspension
reaction system and PEC studies.15,25–28 The RGO in WO3–
RGO provides high surface contact, which helps to enhance
the charge carriers’ extraction and transfer, such as those
observed in TiO2–RGO.
15,24,27 Very few groups have attempted
in-depth studies of the role of RGO in WO3–RGO for light
harvesting. Understanding the role of RGO in the WO3–RGO
composites for the PEC overall water splitting would provide
further insight into the heterojunction nature of RGO–
semiconductor photocatalysts, which has further implications
to the wider PEC and photocatalytic applications of RGO
heterojunctions. Herein, we report, for the first time, a WO3–
RGO photoanode applied in PEC overall water splitting. The
role of RGO in the WO3–RGO photoanode in solar light
harvesting is hereby discussed.
Results and discussion
WO3–RGO composites were prepared using graphene oxide
(GO) as a precursor of RGO, ammonium metatungstate
hydrate (AMT) as a precursor of WO3, and poly vinyl
pyrrolidone (PVP) as an intermediate to combine tungsten
with GO. The detailed preparation and characterizations can
be found in the Supporting Information (ESI3). Field emission
scanning electron microscopy (FESEM) images of both the top
and cross-section views of WO3 and the WO3–RGO electrodes
are shown in Fig. 1. The thickness of both films is
approximately 1.6 mm as seen from the cross-sectional view.
The top view clearly shows a uniform WO3–RGO film on FTO.
Fig. 1 also shows that the WO3–RGO electrode consists of a
more porous structure than that of WO3. The WO3 and WO3–
RGO samples have specific surface areas of 13.7 m2 g21 and
31.7 m2 g21 according to Brunauer–Emmett–Teller (BET)
analysis, respectively (see Fig. S5, ESI3). The increase of the
specific surface area in the presence of RGO is attributed to the
special ordered two-dimensional honeycomb lattice structure
of RGO, which is in favor of the uniform distribution of WO3.
Similar results were also reported for TiO2–RGO composites,
which are in favour of high photocatalytic performance.29
From the low-resolution transmission electron microscopy
(TEM) images (see Fig. S6, ESI3), WO3 particles of y20–40 nm
in size are observed both over WO3 and the WO3–RGO
composite. Fig. 2 shows the typical XRD patterns of the
prepared WO3–RGO and WO3 electrodes calcined at 450 uC.
Both hexagonal (JCPDS No. 00-033-1387) and monoclinic
(JCPDS No. 01-083-0951) phases were detected. Li et al.
reported that the mixed phase structure of the WO3 catalyst
was advantageous for enhancing the photo-catalytic perfor-
mance.30 No peak at 2h y 23u, assigned to RGO, is observed
due to the low RGO concentration and the overlapping of the
peaks ascribed to WO3. The structures of WO3 and the WO3–
RGO nanocomposite were further characterized by high
resolution transmission electron microscopy (HRTEM). The
HRTEM images (Fig. 2b and 2c) reveal the highly crystalline
features of the WO3 nanoparticles. The fringes with lattice
spacing of 0.316, 0.391 and 0.385 nm can be indexed to the
(200) and (001) planes of hexagonal WO3 (JCPDF 00-033-1387)
and the (002) plane of monoclinic WO3 (JCPDF 01-083-0951),
respectively, which are consistent with the XRD assignment.
The FESEM, TEM and Raman (see Fig. S7, ESI3) results
indicate that the WO3 nanocrystallites were uniformly dis-
tributed on the RGO, and a uniform WO3–RGO electrode was
successfully fabricated.
The photocatalytic activities of the WO3 and WO3–RGO
electrodes were evaluated by measuring the H2 and O2
evolution from an overall water splitting PEC system. Fig. 3a
and 3b show the H2 and O2 evolution–time plots for the WO3–
RGO and WO3 electrodes at 1 V vs. Ag/AgCl under AM1.5
illumination in 0.5 M H2SO4 electrolyte, respectively. The
WO3–RGO electrode generates 60 and 27 mmol cm
22 of H2 and
O2 after 4 h, respectively, which are y2.4 times higher than
those of WO3 (25 and 12 mmol cm
22 of H2 and O2 after 4 h,
respectively). Fig. 3c shows the photocurrent–time plots for the
WO3–RGO photoanode compared with WO3 under chopped
AM1.5 illumination in 0.5 M H2SO4 at 1.0 V vs. Ag/AgCl. The
photocurrent density of the WO3–RGO electrode is y1.1 mA
cm22, which is about 2.5 times higher than that of the WO3
(y0.4 mA cm22). Several studies on the WO3–RGO nanocom-
posites for photocatalytic oxygen evolution using a suspension
reaction system and photodegradation have been
reported.15,26 However, to the best of our knowledge and until
now, only one work has reported the use of WO3–RGO for a
Fig. 1 FESEM images of electrodes, (a) WO3–RGO; (b) WO3. (Inset: cross-section
of the electrodes)
Fig. 2 (a) XRD patterns of electrodes; (b) HRTEM image of WO3–RGO; (c)
HRTEM image of WO3.













































PEC study.28 The application of WO3–RGO for PEC overall
water splitting has not been reported. Though it is difficult to
compare the PEC performances due to the different test
conditions and preparation methods, we found that the
current WO3–RGO electrode illuminated at 0.75 V in 0.5 M
H2SO4 (Fig. 4) manifested a current density of about 0.5 mA
cm22, compared to a 20 mA cm22 density from 5% RGO in the
WO3 electrode, fabricated using a drop-cast method under
visible light illumination at 0.75 V in 0.1 M Na2SO4.
28 The
applied bias photon-to-current efficiency (ABPE) was also
determined and is shown in Fig. S8, in the ESI.3
Fig. 3d shows the incident photon to electron conversion
efficiency (IPCE) curves for the WO3 and WO3–RGO electrodes.
The IPCE curves for WO3 and WO3–RGO have a similar shape.
It clearly shows that the photo response of the WO3 and WO3–
RGO electrodes only occurs at a wavelength less than 500 nm.
The IPCE for WO3–RGO at 1 V vs. Ag/AgCl shows a maximum
efficiency of about 38% at a wavelength of 360 nm, which is
about 2.7 times higher than that of WO3 (14%). The calculated
photocurrents using the IPCE (l) data shown in Fig. 3d are
1.09 and 0.35 mA cm22 for WO3–RGO and WO3, respectively,
which are close to the measured photocurrents shown in
Fig. 3c.
Both the photocatalytic activities and IPCE results show
that the WO3 photoanode with RGO harvests solar light more
effectively than that without RGO, at 1.0 V vs. Ag/AgCl. In order
to gain further insight into the role of RGO in the WO3
photoanode, linear sweep voltammetry (LSV), ultraviolet-
visible diffuse reflection spectroscopy (UV-Vis/DRS) and
electrochemical impedance spectroscopy (EIS) characteriza-
tions were carried out. Fig. 4 shows LSV under chopped AM1.5
illumination in 0.5 M H2SO4 electrolyte. The onset potential of
the photocurrent for the WO3 electrode appears at y0.3 V vs.
Ag/AgCl and continues to increase to y0.4 mA cm22 at 1.0 V
vs. Ag/AgCl. In comparison to WO3, the WO3–RGO electrode
shows a significant enhancement in photoresponse with a
photocurrent density of y1.1 mA cm22 at 1.0 V vs. Ag/AgCl.
There is no saturation of the photocurrent observed in WO3–
RGO at more positive potential, which indicates an efficient
charge separation in WO3–RGO, under illumination. However,
the photocurrent of WO3 is nearly constant at a bias larger
than 0.7 V vs. Ag/AgCl, which implies that the overall
photoreaction is limited by the charge separation in the WO3
electrode, under illumination. It is worth noting that the
photocurrent density of WO3 is higher than that of WO3–RGO
at a bias less than 0.7 V vs. Ag/AgCl. However, the photocurrent
Fig. 3 Evolution of H2 and O2 over (a) WO3–RGO and (b) WO3 electrodes; (c) chopped photocurrent profiles of WO3 and WO3–RGO electrodes; (d) IPCE of WO3 and
WO3–RGO electrodes. (1.0 V vs. Ag/AgCl in 0.5 M H2SO4, AM1.5, 100 mW cm
22)













































density of WO3–RGO exceeds that of WO3 at a bias larger than
0.7 V vs. Ag/AgCl. The results indicate that the presence of RGO
in WO3–RGO can harvest solar light more effectively only at a
bias larger than 0.7 V vs. Ag/AgCl.
The energy band structures of WO3 and the WO3–RGO
composite were studied using UV-Vis/DRS. As shown in
Fig. 5a, a strong absorption below 500 nm for WO3 and the
WO3–RGO composite is attributed to the absorption edge of
WO3. The band gap (Eg) obtained using the UV-Vis/DRS data is
y2.55 eV for both WO3 and WO3–RGO, which corresponds to
the IPCE results (see Fig. S9, ESI3). The small amount of 1%
RGO has a negligible effect on the light absorption of WO3 due
to the low concentration of RGO. IPCE is the product of light
absorption and carrier collection. Therefore, the UV-Vis/DRS
and IPCE results imply that the presence of RGO plays an
important role in enhancing the efficiency of carrier collection
and transport at a bias of 1.0 V vs. Ag/AgCl.
EIS measurements were carried out to understand the
intrinsic electronic and charge-transfer properties of WO3–
RGO and WO3. Fig. 5b and 5c show the Nyquist plots of WO3
and WO3–RGO at 0.4 V and 1.0 V vs. Ag/AgCl, respectively. The
semicircle in the medium-frequency region is assigned to the
charge-transfer limiting process.20,31 When a bias of 0.4 V vs.
Ag/AgCl is applied, the diameter of the semicircle of WO3–RGO
is larger than that of WO3 (see Fig. 5b), indicating that the
Fig. 5 (a) UV-Vis/DRS spectra of WO3 and WO3–RGO (inset shows the Tauc plots calculated from the data). Nyquist plots of WO3 and WO3–RGO under AM1.5
illumination in 0.5 M H2SO4 at different bias, (b) 0.4 V vs. Ag/AgCl; (c) 1.0 V vs. Ag/AgCl. (d) Mott–Schottky plots of WO3 and WO3–RGO in 0.5 M H2SO4 at 1 kHz under
AM1.5 illumination.
Fig. 4 LSV of the WO3 and WO3–RGO electrodes in 0.5 M H2SO4, using a scan
rate of 5 mV s21 (chopped AM1.5 illumination, 100 mW cm22).













































presence of RGO in the WO3–RGO film impedes charge
transfer. However, at a bias of 1.0 V vs. Ag/AgCl, the diameter
of the semicircle of the WO3–RGO film is obviously less than
that of WO3, indicating that RGO in the WO3–RGO film
accelerates the electron transfer. The EIS results show that
RGO decreases the electron–hole recombination rate only at a
relatively high bias. From the similar trends observed in the
characterization results of the photocurrent and recombina-
tion rate of electron–hole changing with bias, it can be
inferred that efficient electron–hole separation in the presence
of RGO is the main reason for the enhancement of
photocatalytic activity at a high bias.
As shown in Fig. 5d, the potential of flat bands (Ufb) is y0.3
V vs. Ag/AgCl for both the WO3 and WO3–RGO electrodes,
which is quite close to the onset potential given in Fig. 4. The
positive CB potential of WO3 and WO3–RGO is below the H
+/
H2 potential. Therefore, even with illumination, H2 cannot be
evolved without external bias. For the H2 evolution, an external
anodic bias (EBias) is required to raise the Fermi level in the
counter electrode above the H+/H2 potential.
32 When the bias
is more positive than the onset potential, the photogenerated
electrons in CB are collected by the substrate to form an
external circuit and H2 is generated at the Pt electrode, with
the corresponding O2 generated at the WO3 electrode.
Therefore, the efficiency of electron transport and collection
in WO3 film is a critical factor in determining the overall
photocatalytic performance.
To better understand how the interaction of RGO and WO3
could affect the electron–hole separation, the energy band
structures of RGO and WO3 in WO3–RGO should be
considered. It is well known that GO will undergo insulator–
semiconductor–semimetal transitions in the process of ther-
mal reduction to RGO.33 The apparent transport gap of RGO
approaches zero with extensive reduction.33 Therefore, RGO
can be regarded as a kind of metal-like material with work
function of 4.61 to 4.71 eV.33–35 The change of the energy band
structure of RGO and WO3 in WO3–RGO can be explained by
the classic metal–semiconductor contact theory. If the work
function of the metal is higher than that of the semiconductor,
a Schottky barrier is formed between the metal and semi-
conductor. The photogenerated electrons in the CB of the
semiconductor can be collected by the metal under illumina-
tion to reduce the recombination of the electron–hole due to
the Schottky barrier. For example, the work function of RGO is
4.61 to 4.71 eV, which is larger than that of TiO2 or CdS.
13,14,33
When the RGO is incorporated with TiO2 or CdS, the
photogenerated electrons in the CB of TiO2 or CdS can be
easily transferred to RGO under illumination due to the
difference in the work function. The good photocatalytic
performance of the TiO2–RGO or CdS–RGO composites is
Scheme 1 Sequence of energy level diagrams for RGO contacted with WO3.













































generally ascribed to the improved electron collection and fast
transport by the RGO.13,14 However, electrons in the CB of
WO3 cannot be injected to the RGO due to the lower work
function of RGO compared with WO3, taking energy levels into
account. However, interface states are readily formed in
composites, such as graphene and semiconductor composites
etc.35,36 In this case, the Schottky barrier can be formed with
the help of the interface states based on the Bardeen model as
shown in Scheme 1.37,38 We first assume that RGO interacts
with the interface states for the sake of simplicity. When the
WO3–RGO composite is formed initially, the free electrons are
transferred from the RGO to the interface states due to the
lower Fermi level of the interface states ((EF)it) compared with
the RGO ((EF)G), until an equilibrium is achieved ((EF)G drops
and (EF)it rises), which results in equal Fermi levels for RGO
and interface states. The difference of the Fermi level of RGO
due to the interaction of RGO and the interface states, qDV, is
about 1 eV in scale, generally.38 Therefore, the Fermi level of
RGO and interface states is lower than that of WO3, as shown
in Scheme 1b. Consequently, electrons will be transferred
from WO3 to RGO and the interface states, which finally
results in the equilibrium of the Fermi levels of WO3, RGO and
the interface states. Under illumination, the Fermi level in
WO3 rises,
32 hence the photogenerated electrons can be
transferred from WO3 to RGO in WO3–RGO, similar to TiO2–
RGO or CdS–RGO. The Schottky barrier formed in RGO and
WO3 would effectively hinder the electrons’ backward transfer
from RGO to WO3, hence lowering the electron–hole recombi-
nation rate. The photogenerated electrons transferred from
WO3 to RGO will be transported to the substrate quickly to
form an external circuit due to the remarkable charge carriers’
mobility in RGO.11
As mentioned above, the presence of RGO reduces the
recombination of the electron–hole by the Schottky barrier in
WO3–RGO. On the other hand, dopants or interfaces also act
as active sites for the recombination of the electron–hole.7
Therefore, RGO could play an unfavorable role as well. When
the applied bias becomes more positive, a more effective
electron–hole separation can be achieved by means of quick
collection and transport of the photogenerated electrons by
the RGO to the external circuit. As observed from the current
work, when the applied bias exceeds 0.7 V vs. Ag/AgCl, RGO
will mainly play a role of enhancing the charge transfer and
reducing the recombination of the electron–hole, which
results in higher photocurrent density over WO3–RGO than
that of WO3. On the contrary, when lower bias is applied, RGO
in WO3–RGO will mainly play the unfavorable role of
promoting the electron–hole recombination. Hence, the
photocurrent density of WO3–RGO is lower than that of WO3
when the applied bias is less than 0.7 V vs. Ag/AgCl. This
explanation agrees well with the observed LSV characteristics
in Fig. 4.
Conclusions
In summary, we have reported, for the first time, the
fabrication of a WO3–RGO heterojunction photoanode, which
shows enhanced photocatalytic performance for PEC overall
water splitting at 1.0 V vs. Ag/AgCl under AM1.5 illumination,
compared to the bare WO3 electrode. This behavior can be
explained by the effective separation and transport of
photogenerated electron–hole by RGO with the help of
interface states according to the Bardeen model. RGO does
not only play a favorable role for the electron–hole separation
by the efficient collection and transport of photogenerated
electrons, but also serves as an active site for the recombina-
tion of electron–hole which is unfavorable for the electron–
hole separation. A more positive applied bias is in favor of
effective electron–hole separation by means of quick collection
and transport of electrons by RGO. As a result, enhanced
photocatalytic performance of WO3 in the presence of RGO
can only be obtained at a bias larger than 0.7 V vs. Ag/AgCl.
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